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(54) Wide band optical amplifier 

(57) A wide band optical amplifier employing a split- 
band architecture in which an optical signal is split into 
several independent sub-bands which then pass in par- 
allel through separate branches of the optical amplifier. 
Each branch may be optimized for the sub-band that 



traverses it. The independent sub-bands are combined 
before output, resulting in a broad band, high efficiency 
amplifier. Alternative, hybrid split-band amplifiers are 
described. As a result of their desirable characteristics, 
these wide band optical amplifiers may be used in dense 
WDM communications systems. 
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Description 

FIELD OF THE INVENTION 

The present invention relates generally to the field 
of optical communications and in particular to a wide 
band optical amplifier. 

BACKGROUND OF THE INVENTION 

There has been considerable interest in using rare 
earth-doped optical fiber amplifiers to amplify optical 
signals used in communications systems and networks. 
These rare earth-doped optical fiber amplifiers are 
found to be cost effective, exhibit low-noise, provide rel- 
atively large bandwidth which is not polarization de- 
pendent, display substantially reduced crosstalk, and 
present low insertion losses at relevant operating wave- 
lengths. As a result of their favorable characteristics, 
rare earth-doped optical fiber amplifiers, e.g., erbium- 
doped fiber amplifiers (EDFAs), are replacing current 
optoelectronic regenerators in many optical lightwave 
communications systems and in particular, wavelength- 
division-multiplexed (WDM) optical communications 
systems and networks. 

In an attempt to increase the capacity of these WDM 
optical communications systems and networks, it has 
been shown that it is generally desirable to have as 
many wavelength-division multiplexed (WDM) optical 
channels as possible within a given WDM system. As 
can be appreciated, broad band optical amplifiers are 
required to implement these "dense" WDM (DWDM) op- 
tical systems and networks. 

With reference now to Fig. 1 , there it is shown that 
the total possible gain spectrum for EDFAs is very wide. 
Unfortunately, however, the usable gain bandwidth for 
EDFAs is only about 10nm, thereby limiting their utility 
for DWDM systems. 

Of course, those skilled in the art will know that this 
gain bandwidth for EDFAs can be extended by approx- 
imately 40nm, from around 1525nm to 1565nm through 
the use of Gain Equalization Filters (GEFs). See, e.g., 
A.K. Srivistava, J.B. Judkins, Y. Sun, L. Garrett, J.L Zys- 
kind, J.W. Sulhoff, C. Wolf, R.M. Derosier, A.H. Gnauck, 
R.W. Tkach, J. Zhou, R.P. Espindola, A.M. Vengsarkar, 
and A.R. Chraplyvy, "32 x 10 Gb/s WDM Transmission 
Over 640 km Using Broad Band, Gain -Flattened Er- 
bium-Doped Silica Fiber Amplifiers," Proc. OFC, Dallas, 
TX, pp. PD1B, February 16-21, 1997; Y. Sun, J.B. Jud- 
kins, A.K. Srivastava, L. Garrett, J.L. Zyskind, J.W. Sul- 
hoff, C. Wolf, R.M. Derosier, A.H. Gnauck, R.W. Tkach, 
J. Zhou, R.P. Espindola, A.M. Vengsarkar, and A.R. 
Chraplyvy, "Transmission of 32 WDM 10 Gb/s Channels 
Using Broad Band, Gain-Flattened Erbium-Doped Silica 
Fiber Amplifiers," IEEE Photon Tech. Lett, 1 997; and P. 
F. Wysocky, J.B. Judkins, R.P. Espindola, M. Andrejco, 
A.M. Vengsarkar, and K. Walker, "Erbium Doped fiber 
Amplifier Flattened Beyond 40 nm Using Long-Period 
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Grating," Proc. OFC, Dallas, TX, pp. PD2, February 
16-21, 1997. With further reference to Fig. 1, it can be 
seen that the gain for an EDFA drops sharply in the re- 
gions below 1525nm and the regions above 1565nm. 

s Consequently it is impractical to further increase the 
gain bandwidth of EDFAs with GEFs since such an ap- 
proach would require an unacceptably large amount of 
pump power and a correspondingly large number of 
GEFs to maintain an acceptably low noise figure. 

10 Previous work has shown that significant optical 
gain can be obtained in the wavelength range between 
1.57 and 1.60 jam. See, for example, J.F. Massicott, J. 
R. Armitage, R. Wyatt, B.J. Ainslie, and S.P. Craig-Ry- 
an, "High Gain, Broadband 1.6 u,m Er 3 * Doped Silica 

is Fibre Amplifier," Elec. Lett, Vol. 26, No. 14, pp. 
1038-1039, September, 1990; J.F. Massicott, R. Wyatt, 
and B.J. Ainslie, "Low Noise Operation of Er 3+ Doped 
Silica Fibre Amplifier Around 1.6 jim," Elec. Lett, Vol. 
26, No. 20, pp. 1645-1646, September, 1990. Addition- 

20 ally, new doping materials have been used to enhance 
erbium-doped fibers in the wavelength range between 
1.53 and 1.56um In particular, Flouride EDF has been 
shown to provide additional gain and reports have indi- 
cated that Tellurite EDF shows great promise. See, e. 

25 g ., A. Mori, Y. Ohishi, M. Yamada, H. Ono, Y. Nishida, 
K. Oikawa and S. Sudo, "1.5}im Broadband Amplifica- 
tion by Tellurite-Based EDFA's,", Proc. OFC, pp. PD1, 
Dallas, TX, February 16-21, 1997. Despite such prom- 
ise however, the gain spectrum of such EDF is typically 

30 non-uniform and other important properties such as me- 
chanical stability are poorly understood. 

It is evident from this background then that alterna- 
tive approaches to developing wide band optical ampli- 
fiers are required. 

35 

SUMMARY OF THE INVENTION 

We have discovered a wide band optical amplifier 
that comprises a split-band architecture. The wide band 

40 amplifier includes at least two sections, a first common 
section and a second, split section. In operation, optical 
signals enter the common section are then split into two 
(or more) independent sub-bands. Each of these inde- 
pendent sub-bands is directed into separate branches 

45 of the second, split section in which they are optionally 
amplified before being subsequently re-combined into 
an output signal. 

In accordance with the present invention, each of 
the separate branches of the split section may be opti- 

50 mized for the sub-band that traverses it. Additionally, 
one or more of the separate branches may be further 
split, permitting hybrid structures exhibiting alternative 
characteristics. 

Further features and advantages of the present in- 

55 vention, as well as the structure and operation of various 
embodiments of the present invention are described in 
detail below with reference to the accompanying draw- 
ing. 
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BRIEF DESCRIPTION OF THE DRAWING 

Fig. 1 is a plot of gain coefficient (dB/m) vs. wave- 
length (nm) for an erbium-doped silica fiber at dif- 
ferent inversion levels; 

Fig. 2 is a schematic view of a wide band fiber am- 
plifier according to the invention; 

Fig. 3 is plot of output power (dBm) vs. wavelength 
(nm) resulting from a numerical simulation of a three 
sub-band, split-band fiber amplifier according to the 
invention; 

Fig. 4 is a schematic view of an experimental setup 
for a split-band fiber amplifier according to the in- 
vention having two sub-bands; 

Fig. 5 is plot of the measured output spectrum for 
the fiber amplifier of Fig. 4; and 

Fig. 6 is a schematic view of a hybrid, split-band op- 
tical amplifier according to the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Fig. 2 illustrates the basic principle of our wide band, 
optical fiber amplifier. The wide band amplifier shown 
there 200, is divided primarily into two sections, namely, 
a first common section 202, and a second, split section 
204. Briefly stated, optical signals enter the common 
section 202 of the wide band optical amplifier 200. The 
signals are then split into two (or more) independent 
bands and each of these independent bands is then di- 
rected into separate branches of the second, split sec- 
tion 204. In parallel, the independent bands may be am- 
plified within these separate branches and then subse- 
quently re-combined into an output signal. Optionally, 
the re-combined output signal may be further amplified 
or otherwise processed in output section 206. 

Based upon this principle, a wide-band optical am- 
plifier may be implemented. With continued reference 
to Fig. 2, optical signals enter the wide band optical am- 
plifier 200 through input port 208 and exit from output 
port 266, with the output port 266 being "downstream" 
of the input port 208. Components 210-212 are optical 
isolators, 220-230 are erbium-doped amplifier fibers, 
240-243 are wavelength-selective optical fiber couplers 
or "WDMs" for coupling pump radiation 244-247 into the 
amplifier fibers, 231 -238 are GEFs, 260 is an attenuator, 
and 250-251 are a demultiplexer and a multiplexer, re- 
spectively. Optical isolators, attenuators, GEFs, WDMs, 
multiplexers, and demultiplexers are generally known, 
some of which are commercially available. Those skilled 
in the art know that it is conventional, but optional, to 
place optical isolators respectively upstream and down- 
stream of an EDFA. 

As can be seen from Fig. 2, all entering optical sig- 



nals pass through the common section 202 where they 
may be amplified prior to splitting. In this exemplary 
structure, the signals are split into three sub-bands 
through the action of the demultiplexer 250. More spe- 

5 cifically, the signals are split into a short wavelength 
band (S-band), a middle wavelength band (M-band - al- 
so known as the conventional or C-band) and a long 
wavelength band (L-band), each corresponding to a 
branch of the split section 204. As should now be ap- 

10 parent, this splitting of the optical signals into multiple 
bands permits the separate, parallel amplification of the 
bands. 

Those skilled in the art will of course recognize that 
the sub-bands into which the optical signals are split are 

15 not fixed but are variable, and may be described by a 
range of wavelengths. As used in this example however, 
the S-band ranges from 1 51 Onm to 1 525nm, the M-band 
ranges from 1 525nm to 1 565nm, and the L-band ranges 
from 1565nm to 161 Onm. Of course, these ranges will 

20 vary depending upon the particular EDF, the design and 
application. 

Generally, the common section 202 is strongly in- 
verted in order to achieve a low noise figure. Addition- 
ally, the inversion level of the EDF in the S-band may 

25 be kept high to achieve a high gain and high output pow- 
er in this sub-band. Since this may also produce a strong 
gain variation among signal channels, multiple GEFs 
may be employed along the EDF to achieve a substan- 
tially flat gain and a low noise figure at the same time. 

30 Likewise, the remaining sub-bands shown in our ex- 
emplary structure present additional design considera- 
tions. In particular, the M-band may be designed to pro- 
duce a high power, flat gain and low noise figure through 
the use of GEFs and one or more stages. For the L- 

35 band, the inversion level must be maintained at a low 
level and a GEF may preferably be used to improve gain 
flatness. Similarly, more than one stage may be em- 
ployed to enhance the output power for this sub-band. 
Multiplexing (Mux) and demultiplexing (de-Mux) of 

40 optical signals, depicted by reference numerals 250 and 
251 in Fig. 2 respectively, may be accomplished in a va- 
riety of ways, such as through the use of thin film filters, 
waveguide routers, and fiber gratings together with cir- 
culators. As can be appreciated, the width of guiding 

45 bands between two adjacent sub-bands is largely de- 
termined by the sharpness of Mux and de-Mux technol- 
ogy used and the precision or accuracy of the GEF. 

A numerical simulation was performed using the 
wide band optical amplifier structure of Fig. 2 in which 

50 the total optical spectrum is divided into three sub- 
bands. For the simulation, six GEFs 231 -236 were used 
in the S-band. All of the pump lasers 245-247 were op- 
erated at 980nm with a pump power of 26dBm in the S- 
band, and a 20.8dBm pump power for the M-band and 

55 L-bands. The high pump power in the S-band is gener- 
ally required to produce a high inversion in the EDF. 

The output power spectrum for the exemplary struc- 
ture of Fig. 2, resulting from the simulation, is shown in 
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Fig. 3. From this Figure, it can be seen that high output 
power is a characteristic of amplifiers constructed ac- 
cording to our teachings. 

An alternative, wide band amplifier structure further 
illustrating the principles of the invention is shown sche- 
matically in Fig. 4. The structure illustrated therein in- 
cludes a common section 402, and a split section 404 
having two branches. Circulators 460-461 and wide 
band Bragg fiber gratings 450-451 are used to perform 
the de-Mux and Mux before and after the split section 
404. With this exemplary wide band amplifier structure, 
one-stage amplification is employed for the M-band and 
two-stage amplification is performed for the L-band. All 
pumps are operated at 980nm. 

Two signals, one at 1530nm in the M-band and one 
at 1 592nm in the L-band were used as saturating sourc- 
es. The total input power was -4.7dBm and the total out- 
put power was 18.3dBm, resulting in a gain of 23 dB. 
The output spectrum for the wide band amplifier struc- 
ture is shown in Fig. 5. 

From the foregoing, those skilled in the art should 
readily recognize that a n umber of variations to our split- 
band architecture are possible. In particular, there can 
be two, three or more sub-bands split from an input op- 
tical signal, depending upon the gain and loss spectrum 
of the EDF utilized. And while we have only used two 
sections of exemplary structures to illustrate our inven- 
tion, more than two sections and even hybrid structures 
are contemplated and well within the principles of our 
invention. 

Such a hybrid, wide band amplifier structure is 
shown in Fig. 6. As with the previously described struc- 
tures, the hybrid, wide band amplifier 600 shown sche- 
matically in Fig. 6 is divided primarily into two sections 
- a first common section 602, and a second, split section 
604 having a number of separate branches through 
which independent, split sub-bands of optical signals 
traverse. What further characterizes this hybrid wide 
band amplifier architecture is that the split section 604 
includes a further split or hybrid section 606, in which 
one (or more) of the separate branches are further split 
into additional separate branches. 

Optical signals enter the common section 602 of the 
wide band optical amplifier 600 where they split into two 
independent sub-bands by de-Mux 650. Each of the in- 
dependent sub-bands is then directed into separate 
branches of the second, split section 604. The signals 
traversing the upper branch of split section 604 are fur- 
ther split by de-Mux 651 into additional independent 
sub-bands. In parallel, all of the independent sub-bands 
may be amplified as desired within these separate 
branches and are subsequently re-combined into an 
output signal by Mux 652. 

Various additional modifications of this invention will 
occur to those skilled in the art. In particular, some or all 
of the optical signals may be recycled. For example, any 
power rejected from one or more of the sub-bands may 
be used to pump another sub-band. Also, those skilled 



in the art will realize that further hybrid structures are 
possible. Specifically, one or more of the sub-bands may 
be amplified by a semiconductor amplifier instead of an 
EDF amplifier as discussed. 



Claims 



1. A wide band optical amplifier CHARACTERIZED 
10 BY: 

a split-band architecture. 

2. The wide band optical amplifier of claim 1 further 
CHARACTERIZED BY : 

15 a hybrid architecture. 

3. The wide band optical amplifier of claim 1 wherein 
the split-band architecture is further CHARACTER- 
IZED BY: 

20 a common input section and a split section 

wherein optical signals that enter the common input 
section are split into a number of independent sub- 
bands that are then directed into separate branches 
of the split section such that they may be amplified 

25 in parallel before being subsequently re-combined 
into an output signal. 

4. The wide band optical amplifier of claim 3 further 
CHARACTERIZED BY: 

30 a hybrid architecture in which at least one 

ofthe sub-bands that is directed into a separate 
branch of the split section is further split into a 
number of additional independent sub-bands that 
are then directed into further separate branches of 

3S the separate branch of the split section such that all 
of the sub-bands may be amplified in parallel before 
being subsequently re-combined into an output sig- 
nal. 

40 5. The wide baud optical amplifier of claim 4 wherein 
the common input section is an amplification sec- 
tion that amplifies the optical signals prior to split- 
ting. 

45 6. The wide band optical amplifier of claim 5 further 
including a common output amplification section 
that amplifies the combined output signal prior to 
output. 

so 7. The wide band optical amplifier of claim 6 wherein 
the split-section includes an S-band amplification 
branch, the S-band ranging from 1510nm to 
1525nm. 

55 8. The wide band optical amplifier of claim 7 wherein 
the split-section includes an M-band amplification 
branch, the M-band ranging from 1525nm to 
1565nm. 
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9. The wide band optical amplifier of claim 8 wherein 
the split-section includes an L-band amplification 
branch, the L-band ranging from 1565nm to 
1610nm. 

5 

10. A method of amplifying optical signals, the method 
comprising the steps of: 

splitting the optical signals into a plurality of 
sub-bands; io 
independently amplifying, each one of the plu- 
rality of sub-bands in parallel; and 
re-combining, the plurality of sub-bands into an 
output signal. 

75 

11. The method of claim 10 further comprising the step 
of: 

amplifying the optical signals prior to splitting. 

12. The method of claim 11 further comprising the step 20 
of: 

amplifying the re-combined output signal. 

1 3. The method of claim 1 2 further comprising the step 

of: 25 

further splitting, one or more of the sub-bands 
into further sub-bands. 



14. The method of claim 1 0 in which the plurality of sub- 
bands includes an S-band, the S-band ranging from 30 
1510nm to 1525nm. 

* 

15. The method of claim 1 4 in which the plurality of sub- 
bands includes an M-band, the M-band ranging 
from 1 525nm to 1 565nm. 35 



16. The method of claim 15 in which the plurality of sub- 
bands includes an L-band, the L-band ranging from 
1565nm to 1610nm. 

40 



45 



50 
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